Several nuclear power plants are now under operation, and more plants will be built along the eastern coast of the Korean Peninsula. These nuclear power plant sites may be vulnerable to unexpected tsunami attacks. In this study, a coupled numerical model based on the shallow-water theory was employed to analyze the safety of the Uljin Nuclear Power Plant site against three historical and eleven virtual tsunami attacks. The numerical model consisted of a transoceanic propagation and an inundation model. Both models were discretized by the finite difference method. Maximum and minimum tsunami heights were estimated for the three historical and eleven virtual tsunamis. The obtained results showed that the Uljin Nuclear Power Plant site would be safe against the tsunami attacks included in this study.
Introduction
Recently, several catastrophic tsunamis caused by undersea earthquakes have occurred around the Pacific Rim. These tsunamis are difficult to predict and can cause the loss of human life and property damage in coastal areas. According to a report by the National Oceanic and Atmospheric Administration (NOAA), one of the recent tsunamis occurred because of an earthquake near Sumatra, Indonesia, on December 26, 2004, and caused 227,898 human deaths and property damage of about 10 billion dollars. Another tsunami occurred because of an earthquake in Chile on February 27, 2010, causing 156 human deaths and property damage of about 30 billion dollars. A tsunami occurred because of the Great East Japan Earthquake on March 11, 2011 , which resulted in almost 20,000 human deaths and missing persons and property damage of 210 billion dollars [1] . Among these tsunamis, the 2011 Great East Japan Tsunami (also called the 2011 Tohoku Tsunami) has attracted worldwide attention due to the casualty of the Fukushima Daiichi Nuclear Power Plant site and its ongoing crisis.
In the East Sea, surrounded by Korea, Japan, and Russia, three major tsunami events occurred in 1964, 1983, and 1993. In particular, the 1983 Central East Sea Tsunami caused huge losses of human lives and property damage in Korean and Japanese coastal communities. Furthermore, according to a report of the Korea Meteorological Administration (KMA), the number of submarine earthquakes around the Korean Peninsula has recently increased: 23 times in 2008, 28 times in 2009, 18 times in 2010, 33 times in 2011, 28 times in 2012, and 34 times through June 2013 [2] .
In Korea, several nuclear power plants are now under operation and more plants will be built along the eastern coast of the Korean Peninsula. These nuclear power plant sites may be vulnerable to unexpected tsunami attacks. Thus, in order to prevent unusual devastating damage from tsunamis, they are to be constructed in a safety zone along the coastline. A safety zone can be designated by using the maximum and minimum tsunami heights. Maximum tsunami heights can play a significant role in determination of the elevation of a nuclear power plant site, while minimum tsunami heights can be used to evaluate the safety of an essential service water system (ESWS), which is related to the reactor container, and a circulating water system (CWS) supplying the cooling water for the condenser. Fatal damage to nuclear power plant operation can occur when minimum tsunami heights are lower than the lowest allowable elevation of the essential service water pump. Thus, it is important to predict as 2 Journal of Applied Mathematics accurately as possible the maximum and minimum tsunami heights.
Because it is difficult to reproduce a tsunami by hydraulic modeling, studies regarding tsunamis have generally employed available numerical models. As discussed by Imamura et al. [3] , a numerical model was developed by discretizing linear shallow-water equations with a leap-frog scheme in order to simulate the propagation of transoceanic tsunamis. This numerical model was improved by Cho and Yoon [4] in order to simulate the proper dispersive effects for tsunamis propagating obliquely to the principal axes of the computational grids. However, the numerical models of Imamura et al. and Cho and Yoon are limited to cases where there is a constant water depth if a uniform finite difference grid is employed. Therefore, both of the numerical models are limited in that the spatial grid size and time step size should be changed continuously in order to apply them to real topography. Yoon [5] also improved the numerical model of Cho and Yoon by using a uniform grid. However, this numerical model used a cubic interpolation function in order to calculate the value of the variables at a hidden grid point, and this can cause errors because of the many interpolation processes. Recently, a simple and practical numerical model using a dispersion-corrected scheme was developed by Cho et al. [6] . The model was based on a leapfrog scheme that was similar to the models of Imamura et al. and Cho and Yoon. However, the newly proposed model of Cho et al. is free of spatial grids and time step sizes, and the accuracy is better than that of Yoon's model due to the absence of the interpolation process. The accuracy of the scheme proposed by Cho et al. was also verified by Sohn et al. [7] . For this reason, the model of Cho et al. was used in the present study to simulate tsunami propagation and inundation.
In this study, the safety of the Uljin Nuclear Power Plant site against tsunami attacks is investigated by predicting the maximum and minimum tsunami heights. Three historical and eleven virtual tsunami events are employed to simulate the propagation of a tsunami across the East Sea. The eleven virtual tsunami events were first suggested by the Korea Peninsula Energy Development Organization (KEDO, 1999) to examine the safety of the Shinpo Nuclear Power Plant site in North Korea against tsunami attacks [8] . The numerical model for tsunami simulation, which is composed of a model for simulating the propagation of a tsunami across the East Sea and another model for simulating the runup process of a tsunami, is based on the shallow-water theory. 
Numerical Model for a Tsunami
where is the free surface displacement, and are the depth-averaged volume fluxes in the -and -axis directions, respectively, is the gravity acceleration, and ℎ is the still water depth. After eliminating and from (1), the linear Boussinesq equations are reduced over a constant depth as the following equation [9] :
The frequency dispersion term given by the right-hand side term of (2) is difficult to discretize, because of high order derivatives. If the frequency dispersion term is neglected, (2) is equal to a wave equation derived from the linear shallowwater equations. Thus, the linear shallow-water equations, instead of the linear Boussinesq equations, have been applied in previous studies and were therefore also applied to this study. The linear shallow-water equations can be written in the following form [10] :
However, the linear shallow-water equations do not consider the dispersion effects. Thus, a dispersion-corrected scheme that can consider the dispersion effects is applied to the linear shallow-water equations [6] . The difference equations are represented as follows:
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where and are the dispersion-corrected coefficients. Because the staggered grid system is used, the free surface displacement is calculated in the center grid, and volume fluxes and are calculated in the boundary grid. The staggered grid system is represented in Figure 1 .
All terms in (4) are expanded using Taylor series expansion, and and are eliminated. Then the equation for is derived as follows [6]:
where 0 (= √ ℎ) and (= 0 Δ /Δ ) represent the phase velocity of a long wave and the Courant number, respectively. Comparing (5) with the linear Boussinesq equation (2), these equations are seen as identical as long as the following relations are satisfied. That is,
The proposed scheme uses the numerical dispersion generated from the finite difference approximation to mimic the frequency dispersion term of the linear Boussinesq equations. Thus, even if the linear shallow-water equations are used to govern tsunami propagation, the application of the dispersion-corrected scheme results in numerical dispersion effects comparable to the physical dispersion effects of the linear Boussinesq equations [6] .
Inundation Mode.
As a tsunami approaches a coastal area where the depth is relatively shallow, the wavelength of the tsunami becomes shorter and the amplitude becomes larger. Thus, the nonlinear convective inertia force and bottom friction become increasingly important, while the significance of the frequency dispersion diminishes. To describe the flow motion in a coastal zone, nonlinear shallow-water equations are used [11] in the following form:
where is the total water depth as = ℎ+ and and are bottom friction terms represented by the Manning equation. The equations can be written in the following form, where is the Manning coefficient:
The linear terms of (7) are discretized by using the same method as (4), and the nonlinear terms are discretized by the upwind scheme. The finite difference scheme for the upwind scheme and a detailed description of the inundation model can be found in [12] .
A moving boundary condition that can simulate the runup process of tsunamis was implemented in the inundation model. It is essential to use a fine grid mesh size that is smaller than 5 to 10 m in a simulation of the run-up process to get accurate results. However, the use of such a fine grid mesh size is prohibitive considering the computational time for modeling an area as large as the East Sea. Thus, the dynamic linking method should be used to obtain accuracy and computational efficiency with this kind of problem. In the dynamic linking method, coarser grids in the deep sea are dynamically linked with the grid that is 1/3 the size in the shallower region. During computation, the water level and discharge are exchanged with each other to satisfy the dynamic equilibrium. The process that composes and links each region of different grid sizes is iterated until the target area is described with proper resolution. 
Numerical Simulation

Initial Conditions.
In this study, initial conditions for the tsunami simulation were three historical and eleven virtual tsunami events. The three historical tsunami events occurred in 1964, 1983, and 1993. The fault parameters of the three historical tsunamis have been proposed by prior researchers [13] [14] [15] . The Korean Peninsula Energy Development organization (KEDO) identified eleven points that have a high probability of the occurrence of an earthquake with magnitude 8.0 [8] . The locations of initial conditions for the tsunami simulation are represented in Figure 3 . The locations and applied earthquake fault parameters of three historical and eleven virtual tsunamis are given in Tables 1  and 2 , respectively. In the tables, is the depth of the fault plane, is the strike angle, is the dip angle, is the slip angle, is the length of the fault, is the width of the fault, is the dislocation of the fault, and is the magnitude of the earthquake. The length of the fault, the width of the fault, and the dislocation of the fault were obtained by using (9) proposed by the Korea Meteorological Administration (KMA). The depth of the fault plane, the dip angle, and the slip angle were obtained by using Mansinha and Smylie's model [16] : log = 0.5 − 1.9, = 0.5 , log = 0.5 − 1.2. Figure 4 , which shows each region and its bathymetry, including the East Sea. In order to investigate accurate inundation areas, region F was created using the measured elevation data. The numerical information and boundary conditions for each region are represented in Tables 3 and 4 , respectively. As shown in Tables 3 and 4 , the grid size was decreased by 1/3 according to the dynamic linking method. The free transmission condition was used for region A, and the dynamic linking method was used for the other regions as a boundary condition for the open sea. A fully reflected condition was used from region A to D, and the moving boundary condition was used for regions E and F as a boundary condition for land.
Results
In order to conduct an accurate safety analysis for the Uljin Nuclear Power Plant site, numerical simulations were carried out for 200 minutes (3 hours, 20 minutes). Among the three historical and eleven virtual tsunamis, the Central East Sea Tsunami that occurred in 1983 and virtual tsunami Case 5 provided higher maximum tsunami heights than the others. Figure 5 represents the maximum tsunami heights and inundation areas obtained by numerical simulation at each point for those 2 cases. In order to observe the tsunami heights well inside the breakwater, region F was expanded in Figure 5 . As shown in Figure 5 , the location of the maximum tsunami heights for the 1983 tsunami and the Case 5 tsunami was generated at the most inner breakwater, and the maximum heights were approximately 4.4 m and 6.3 m, respectively. Inundation areas occurred at the rim of the breakwaters and the mouth of a river, which are located near the Uljin Nuclear Power Plant site. However, inundation areas for the 2 cases did not occur at the Uljin Nuclear Power Plant Site. Figure 6 shows the time series of water levels at point A of region F for the 2 cases. The initial tsunami arrives about 110-120 minutes after the tsunami occurrence. In Case 5, the maximum amplitude up to 2.7 m could be found 40 minutes after the arrival of the first wave. Figure 7 represents the minimum tsunami heights obtained by numerical simulation at each point for the 2 cases and the locations of intake structures. As shown in Figure 7 , the predicted minimum tsunami height from the numerical model is (−)6.5 m below mean sea level. However, because the minimum tsunami height is located at the edge of the breakwaters, it has nothing to do with the safety of intake structures. The main elevations of the Uljin Nuclear Power Plant site are shown in Figure 8 . In comparison with the allowable lowest elevation of the essential water pump, the intake structures were evaluated to be safe for the minimum tsunami heights.
Conclusion
In this study, a composite numerical model based on linear shallow-water equations was employed to analyze the safety of the Uljin Nuclear Power Plant site against three historical and eleven virtual tsunami attacks. The numerical model was computationally efficient through the use of the linear shallow-water equations and dynamic linking method, which allowed for the selection of different mesh sizes within the computational domain.
The results of the numerical simulations for three historical and eleven virtual tsunamis showed that the Uljin Nuclear Power Plant site is safe, at least against those tsunami events. By taking into consideration the elevation of the Uljin Nuclear Power Plant site, it can be concluded that the site is safe from those tsunami attacks.
